Liquid-MS systems, including liquid chromatography-MS instruments (LC/MS), have been used as the most promising qualitative and quantitative analytical methods for a number of substances, including nonvolatile or high molecular-weight substances. [1] [2] [3] [4] [5] In this context, electrospray ionization (ESI) is rapidly developing as a method for producing gas-phase ions from analyte species in solution for subsequent analysis by mass spectrometry. The combination of ESI with mass spectrometry, first demonstrated by Fenn and co-workers, 6 has proven to be useful in the analysis of nonvolatile, polar and thermally labile compounds, especially in high-molecular-weight biopolymer analysis, in large part (peptides, proteins, DNA) because these analytes give multi-charged molecular ions, which are observed in the modest m/z range (i.e., m/z < 4000) in mass analyzers. [7] [8] [9] [10] [11] However, not all analytes are suitable for ESI-MS measurements due to limitations in the transfer of analytes from solution to the gas phase as ions via the electrospray ionization process.
positively charged sample ion with the negatively charged trifluoroacetate ion, which prevents ionization of the sample. ii) In the negative ion MS mode, the addition and use of a salt such as ammonium acetate lowers the sensitivity due to pairing of the negatively charged sample ion with an ammonium ion. iii) When using an aprotic solvent such as acetonitrile as the running solvent or the mobile phase for an LC system, it is often necessary to add a protic solvent to the mobile phase for solubility reasons, in order to dissolve a salt additive.
iv) The addition of excess amounts of an inorganic salt such as a sodium salt causes pollution at the interface section of the MS system, and sometimes lowers the sensitivity to the molecular ion in the samples.
In a sample containing a background of ionizable analytes, most organic compounds, which are nonpolar and neutral, cannot be detected with an ESI-MS system. However, the technique of ESI-MS is becoming an increasingly valuable tool for the analysis of a wide range of samples in solution. Therefore, the establishment of a convenient method for measuring a wide range of compound types with highly sensitive and selective detection is strongly needed.
In the previous papers, chemical derivatization for ESI-MS was studied, which was based on the traditional organic reactions and the chemical electron-transfer reaction between aromatic hydrocarbons and trifluoroacetic acid. [18] [19] [20] However, the derivatized products were monitored by ESI-MS using only polar solvents (MeOH, etc.) as carrier solvent due to solubilization of the derivatized product. Therefore, a novel labeling reagent whose product is dissolved in both polar and non polar solvents to give the high molecular ion signal is desired by the users.
We have designed novel MS probes which easily convert a particular functionality of the analytes into an ionic moiety via a chemical transformation in solution under mild conditions. These MS probes, called KAP-CHO01, KAP-OH01, KAP-CA01 and KAP-NH01 (Fig. 1) , have both a positively charged quaternary amine moiety and a functional adduct group to selectively and rapidly react with the target sample at room temperature or by heating to 50˚C or by simply standing for less than 30 min. They have both a phenyl ring and an alkyl moiety in the main skeleton, which contributes to solubilization in not only polar solvents, such as methanol and water, but also in nonpolar solvents, such as THF, acetone and chloroform. The derivatization of the sample with the MS probe results in a high ionization efficiency for liquid-MS detection, such as ESI-MS, due to a transformation of the sample from an unsuitable neutral compound into a positively charged species.
The reaction of the analyte with MS probe is as follows: M+L + → M-L + (M: analyte molecule; L + : MS probe; M-L + : covalent bonding).
In the present investigation, we demonstrated some applications of MS probes (KAP-CHO01, KAP-OH01, KAP-CA01 and KAP-NH01) to the analysis of carboxylic acids, primary amines and their derivatives with ESI-MS. The hydrazine moiety in KAP-CHO01 is able to react with carbonyl samples. The acid chloride group in KAP-OH01 can be esterified with alcohol samples under mild conditions. The bromomethylene group in KAP-CA01 can be esterified with a carboxylic acid sample under mild conditions by simple mixing. The isothiocyanate group in KAP-NH01 reacts with a primary amine sample under mild conditions and forms a thiourea bond. To examine the effect of KAP-CHO01, the reagent was reacted with benzaldehyde as a simple example of a carbonyl compound, and the sensitivity was compared with that for an underivatized sample using an ESI-MS system. Similar examinations were demonstrated for the detection of an aliphatic carbonyl compound (testosterone), which is an important element of human hormones. As a further simple example, KAP-OH01 was reacted with methanol. KAP-CA01 was reacted with benzoic acid, cholic acid, which is one of the elements in bile acid, and L-phenylalanine, while KAP-NH01 was coupled to p-tert-butylbenzylamine. The mass spectra were measured before and after derivatization in all cases. All of the examples using KAP-CHO01, KAP-OH01, KAP-CA01 and 
KAP-NH01
showed satisfactory results with highly sensitive detection at picomolar concentration levels using an ESI-MS system. Recently, an automated LC/MS system and a liquid-MS system are often used in many fields by users who have little knowledge of mass spectrometry. These MS probes are believed to contribute not only to the conventional use of ESI-MS, but also to an increase in the number of MS users that are not specialists in the field.
Experimental
Reagents All chemicals used were of analytical reagent grade purchased from TCI (Tokyo, Japan) and Wako (Osaka, Japan). The solvents used in ESI-MS measurements were obtained from Wako (Osaka, Japan), which were of HPLC-grade.
Synthesis of KAP-CHO01
(4-Ethoxycarbonyl-benzyl)-triethyl-ammonium iodide (1) . To a solution of 4-aminomethyl-benzoic acid ethyl ester (1.0 g, 6.6 mmol) in acetone (40.0 ml), potassium carbonate (3.6 g, 26.5 mmol) and ethyl iodide (15.5 g, 99.2 mmol) were added and then refluxed for 1 day under a N2 atmosphere. After cooling of the solution, the solvent was evaporated in vacuo, and the residue was purified by column chromatography (SiO2, CHCl3:MeOH = 10:1 v/v) to yield a yellow oil compound (Yield 77.6%). 1 
Synthesis of KAP-OH01 (4-Methoxycarbonyl-phenyl)-trimethyl-ammonium iodide (2).
To a solution of 4-(dimethylamino)benzoic acid (1.0 g, 6.0 mmol) in acetone (50 ml), potassium carbonate (3.6 g, 26.5 mmol) and methyl iodide (8.5 g, 60.0 mmol) were added and the mixture was refluxed for 12 h under a N2 atmosphere. The solvent was evaporated in vacuo, and the residue was purified by column chromatography to yield a white solid (Yield 75%). 1 
. (4-Hydroxycarbonyl-phenyl)-trimethyl-ammonium iodide (3).
To a solution of compound 2 (1.0 g, 5.1 mmol) in ethanol (50 ml), an aq. NaOH solution (10%, 5 ml) was added and the mixture then refluxed for 6 h. The solvent was removed in vacuo and acetone was added. The precipitate was collected by filtration and dried to yield a white solid (Yield 80%). 1 
Synthesis of KAP-CA01 2-(2-Trimethylsiloxyethoxy)-2-phenylethanenitrile (4).
A mixture of 2-phenyl-1,3-dioxolane (3.0 g, 19.9 mmol), TMSCN (2.1 ml, 21.4 mmol) and ZnI2 (0.30 g, 0.94 mmol) was stirred under a N2 atmosphere at room temperature for 2 h. Diethylether was added, and the product was washed with water and dried over MgSO4. The solvent was removed in vacuo, and a colorless oily compound was obtained (Yield 93%). 1 
2-(2-Amino-1-phenylethoxy)ethane-1-ol (5).
Under a N2 atmosphere, 1.0 M of a BH3·THF solution (50.0 ml) was added to compound 4 and stirred for 4 h at room temperature. The solution was acidified by aq. HCl and then concentrated in vacuo. Aqueous NaOH was added, extracted with AcOEt, and dried over MgSO4. The solvent was removed in vacuo and an oily compound was obtained (Yield 90%). 1 (6) . To a mixture of compound 5 (0.50 g, 2.76 mmol), triethyl amine (0.28 ml, 2.76 mmol) in THF (15.0 ml), di-tert-butyldicarbonate (0.60 g, 2.76 mmol) was added and stirred for 2 h at room temperature under a N2 atmosphere. The solvent was removed, the residue purified by flash column chromatography (SiO2; n-hexane:AcOEt = 1:1 v/v) and an oily compound was obtained (Yield 90%). 
(m, 5H). (tert-Butoxy)-N-(2-(2-hydroxyethoxy)-2-phenylethyl)formamide

tert-Butoxy)-N-(2-(2-(methylsulphonyloxy)ethoxy)-2-phenylethylformamide (7)
. To a solution of compound 6 (0.50 g, 1.78 mmol) and triethylamine (0.23 g, 2.31 mmol) in diethylether (10.0 ml), methane sulfonyl chloride (0.22 g, 1.96 mmol) was added and stirred for 1 h at room temperature under a N2 atmosphere. After removing the solvent, the residue was purified by column chromatography (SiO2; n-hexane:AcOEt = 2:1 v/v), and a white solid was obtained (Yield 88%). 1 
tert-Butoxy)-N-(2-(2-iodoethoxy)-2-phenylethyl)formamide (8).
A mixture of compound 7 (0.50 g, 1.39 mmol) and sodium iodide (1.10 g, 7.25 mmol) in acetone (10.0 ml) was refluxed for 2 h under a N2 atmosphere. After cooling, the solvent was removed and the residue was purified by column chromatography (SiO2; n-hexane:AcOEt = 10:1 v/v) to give a yellow solid (Yield 85%). 1 (9) . A mixture of compound 8 (0.35 g, 0.90 mmol) and triethylamine (1.75 ml, 17.33 mmol) in toluene (8.75 ml) was stirred at 80˚C for 2 days. After removing the solvent, the residue was purified by a preparative TLC method (SiO2, CHCl3:MeOH = 5:1 v/v) and a yellow oily compound was obtained (Yield, 66.7%). 1 
{2-[2-(2-Bromo-acetylamino)-1-phenyl-ethoxy]-ethyl}-triethylammonium iodide (KAP-CA01).
To a solution of compound 9 (0.15 g, 0.31 mmol) in CH2Cl2 (20.0 ml) trifluoroacetic acid (1.90 ml, 16.72 mmol) was added and stirred for 45 min at room temperature. After removing the solvent and trifluoroacetic acid, the residue was dissolved in dry CH2Cl2 (20.0 ml). To this solution, triethylamine (0.04 ml, 0.38 mmol), BOP reagent (168.50 mg, 0.38 mmol) and bromoacetic acid (105.95 mg, 0.76 mmol) were added and stirred for 1 day at room temperature. After the addition of water, the solvent was removed and the residue was purified by HPLC (YMC-Pack ODS-A, mobile phase: MeOH) to give a yellow solid (Yield 10.0%). 1 
Characterization of MS probes
For all new compounds, the 1 H NMR spectra were recorded on a JEOL JSM-GSX270 or a JEOL JNM-LA300 instrument. The 1 H chemical shifts are reported in ppm relatively to tetramethyl silane as an internal reference. The purification of KAP-CHO01, KAP-OH01, KAP-CA01 and KAP-NH01 was carried out by recycling preparative HPLC (Japan Analytical Industry Co., Ltd., LC-918).
ESI-MS conditions
All of the mass spectra were obtained using an Applied Biosystems Mariner ESI-TOF mass spectrometer. Typical settings of the individual potentials of the ESI-MS system for the infusion analysis were as follows: spray tip potential, 3450 V; nozzle potential, 184 V; quadrupole RF voltage, 1000 V. The temperature of the counter stream, the flow rate of the auxiliary and the nebulizer gas (nitrogen) were maintained at 160˚C, 1.0 L/min and 0.25 L/min, respectively.
Derivatization of carbonyl compounds using KAP-CHO01
The carbonyl analytes were derivatized with KAP-CHO01, simililar to a process described in the literature. 21, 22 A mixture of the corresponding carbonyl sample (2.0 µmol) and KAP-CHO01 (2.0 µmol) in acetonitrile (100 µl) was stirred at room temperature in a screw-capped vial. After the reaction, the solvent was removed under a nitrogen stream, and the residue was dissolved in methanol to measure the ESI-MS.
Derivatization of alcohols using KAP-OH01
The alcohol samples were derivatized with KAP-OH01 in a manner similar to a published process. 23 A mixture of the corresponding alcohol (2.0 µmol), KAP-OH01 (2.0 µmol) and a base in acetone (100 µl) was heated to 50˚C in a screw-capped vial. After the reaction, the solvent was removed under a nitrogen stream, and the residue was dissolved in an organic solvent, such as methanol, acetone, acetonitrile, etc., to measure the mass spectra.
Derivatization of carboxylic acid compounds using KAP-CA01
The carboxylic acid samples were derivatized with KAP-CA01 in a manner similar to a previously described process. 24, 25 A mixture of the corresponding carboxylic acid (2.0 µmol), KAP-CA01 (2.0 µmol) and a base in acetone (100 µl) was heated to 50˚C in a screw-capped vial. After the reaction, the solvent was removed under a nitrogen stream, and the residue was dissolved in an organic solvent to measure the mass spectra.
Derivatization of primary amine compounds using KAP-NH01
The primary amine samples were derivatized with KAP-NH01 in a manner similar to a known literature process. 26 A mixture of the corresponding amine sample (2.0 µmol), KAP-NH01 (2.0 µmol) and a base in ethanol (100 µl) was stirred at room temperature for 20 min in a screw-capped vial. After the reaction, the solvent was removed under a nitrogen stream, and the residue was dissolved in methanol to measure the mass spectra.
Results and Discussion
In order to examine the effectiveness of the synthesized MS probes, KAP-CHO01 was reacted with benzaldehyde in acetonitrile at room temperature; the results of ESI-MS measurements of the corresponding derivative were compared with those of the underivatized compound. The labeled reactant and underivatized benzaldehyde were dissolved in MeOH for a measurement by ESI-MS in the positive-ion mode; the resulting MS spectra are shown in Fig. 2 . The mass spectra of the underivatized benzaldehyde (Fig. 2a) showed weak signals; all of the peaks were difficult to assign to [M] + , and [M+Na] + of benzaldehyde. In contrast, the analyte signal at m/z = 338.56 (corresponding to the [M] + ion), shown in Fig. 2b , was assigned to the molecular ion signal [M] + of benzaldehyde derivatized with KAP-CHO01, providing a very high signal-to-background ratio and high ionization efficiency.
In order to examine the required reaction time for KAP-CHO01, the peak intensity at m/z = 338.56 was plotted against the reaction time; the result is shown in Fig. 3a . The derivatization procedure for benzaldehyde using KAP-CHO01 normally takes 15 min for the reaction to be completed. The signal corresponding to the derivative started to appear after only 5 min at room temperature, indicating that the assignment of the molecular ion peak is possible within a few minutes, although quantitative analysis required more time. Figure 3b shows the signal assigned to the molecular ion peak of benzaldehyde derivatized with KAP-CHO01 plotted versus the concentration of the reactant. The detection limit was estimated to be 10 fmol based on S/N = 3, which means that femtomolar levels of carbonyl compounds could be detected by this labeling method. In a further experiment, the influence of the carrier solvent used for ESI-MS analysis was investigated. After the reaction of KAP-CHO01 with 9.0 × 10 -6 M benzaldehyde in acetonitrile, the solvent was removed, and various solvents (MeOH, MeCN, acetone, THF, AcOEt, CHCl3) were added. The molecular ion signal assigned to KAP-CHO01 with benzaldehyde, obtained with all of these solvents, exhibited a similar peak intensity to that shown in Table 1 . These results arose from the fact that KAP-CHO01 itself has a positive charge and is detected without charge transfer from the droplets of the solvents used in electrospray generation.
In order to further examine the effectiveness of the MS probe, the ESI-MS instrument was operated at several different electrical potentials of the electrospray needle (spray tip potential in the ESI/TOFMS instrument used in the present study). As shown in Fig. 3c , the signal of [M] + could be detected even using a spray tip potential of 50 V, which is too low for usual measurements. For the MS instrument that we used, the potential of the electrospray needle was normally maintained at about 3500 V, because this high voltage generates an effective electrical field between the spray tip and the next stage, dispersing the solvent stream into fine and small charged droplets. 27 The advantageous result using the MS probe can be explained by the fact that the electrostatic repulsion between ions on the surface of the droplet easily took place due to the presence of the quaternary ammonium cation in the KAP-CHO01 molecule.
Various carbonyl compounds, which are important for the human physiology and a major concern in environmental chemistry, can be derivatized with KAP-CHO01. Figure 4 shows the resulting ESI-MS spectra obtained with testosterone, which is an important hormone substance, and its KAP-CHO01 derivative. The molecular ion signal of testosterone was not observed due to the low ionization efficiency based on the steroid moiety. On the other hand, testosterone labeled with KAP-CHO01 gave a clear molecular ion signal [M] + at m/z = 520.92 with little background noise, as shown in Fig. 4 .
The newly presented MS probe has a quaternary ammonium moiety connected to the reactive part for interaction with the analyte via the phenyl ring and the alkyl chain. Due to the advantage of this molecular design and the promising results obtained with KAP-CHO01, three additional MS probes with the same basic skeleton were designed and synthesized: KAP-OH01 for reaction with alcohols, KAP-CA01 for carboxylic acid analytes and KAP-NH01 to react with primary amine samples under mild reaction conditions.
In order to examine the effectiveness of KAP-OH01, methanol as a simple example was reacted with KAP-OH01 in acetone at room temperature and the ESI mass spectra were observed before and after the derivatization. The labeled reactant was dissolved in methanol for ESI-MS; the results are shown in Fig. 5 . The mass spectra of methanol alone showed weak signals, and the molecular ion signal was not observed for the neutral compound. On the other hand, the analyte signal at m/z = 194.4 (corresponding to the [M] + ion), shown in Fig. 5 , was assigned to the molecular ion signal [M] + of methanol with KAP-OH01, providing a very high signal-to-background ratio and high ionization efficiency.
In order to examine the effectiveness of KAP-CA01, benzoic acid was reacted with KAP-CA01 in acetone at room temperature, and the results of the ESI-MS measurements for the corresponding derivative were compared with those of the underivatized compound.
The labeled reactant and underivatized benzoic acid were dissolved in MeOH for measurements by ESI-MS in the positive ion mode; the resulting MS spectra are shown in Fig. 6 . The mass spectra of benzoic acid showed weak signals, and all of the peaks were difficult to assign to the molecular ion signal of benzoic acid. In contrast, the analyte signal at m/z = 426.9 (corresponding to the [M] + ion), shown in Fig. 6b , was assigned to the molecular ion signal [M] + of benzoic acid with KAP-CA01, providing a very high signal-to-background ratio and high ionization efficiency. The intensity of the molecular ion signal of benzoic acid derivatized by KAP-CA01 in the positive ion mode was 100-times stronger than that of benzoic acid in the negative ion mode.
The detection limit was estimated to be 10 fmol based on S/N = 3, indicating that femtomolar levels of carboxylic acid samples could be detected with the use of KAP-CA01.
Various carboxylic acid compounds that are important in human physiology can be derivatized with KAP-CA01. Figures 7a and 7b show the resulting ESI-MS spectra obtained with Boc-L-phenylalanine and its KAP-CA01 derivative. The analyte signal at m/z = 287.9 in Fig. 7a corresponds to the [M+Na] + ion of Boc-L-phenylalanine. The signal intensity of [M+Na] + was very low and a poor signal-to-background noise ratio was observed. On the other hand, Boc-L-phenylalanine, labeled with KAP-CA01, gave a clear molecular ion signal [M] + at m/z = 569.9 with small background noise, as shown in Fig. 7b. Figures 7c and 7d show the mass spectra of cholic acid before and after derivatization with KAP-CA01. The signal at m/z = 431.0 in Fig. 7c was assigned to the [M+Na] + ion of cholic acid, but had low intensity. Cholic acid reacted with KAP-CA01, showing a signal at m/z = 713.0 (Fig. 7d) , which corresponds to the [M] + ion. The signal was 20-times more intense than that of the [M+Na] + peak in Fig. 7c . Especially, the signal-to-background noise ratio in the mass spectra was clearly improved using KAP-CA01. This represents an improvement in the sensitivity of at least over 100-fold compared to that of an underivatized compound.
The isothiocyanate-type MS probe (KAP-NH01) was synthesized from (tert-butoxy)-N-(2-(2-hydroxyethoxy)-2-phenylethyl)formamide in the presence of thiophosgene after removing the Boc part, and the effectiveness of KAP-NH01 for mass spectrometry was examined by a reaction with p-tert-butyl benzylamine in EtOH at room temperature. The derivatized product and non-derivatized p-tert-butyl benzylamine were dissolved in MeOH; the resulting MS spectra are shown in Fig.  8 . The mass spectra of p-tert-butyl benzylamine (Fig. 8a benzylamine after derivatization with KAP-NH01, which provided a very high signal-to-background noise ratio and a high ionization efficiency.
Conclusions
The present investigation demonstrated the synthesis and application of novel MS probes (KAP-CHO01, KAP-OH01, KAP-CA01 and KAP-NH01) for the highly sensitive detection of analytes with liquid mass spectrometry. KAP-CHO01 that reacted with the carbonyl group by simply mixing in acetonitrile clearly showed the molecular ion signal of the derivatized compound ([M] + ) with high sensitivity in a liquid MS measurement with ESI-MS. The analyte derivatized with KAP-CHO01 could be measured independently of the solvent or eluent polarity, the spray tip potential of the MS system, and the addition of cationic additives, such as sodium salt, ammonium acetate, etc. In addition, KAP-OH01, KAP-CA01 and KAP-NH01 reacted with correlative samples under mild conditions, which resulted in a highly sensitive MS detection in the same way as KAP-CHO01. These factors contribute to an increased flexibility in on-line reverse-phase, or even normal-phase, HPLC separations with enhanced ESI-MS detection of the derivatives.
These derivatization methods enable a specific and flexible analysis through a specific derivatization reaction of the functional groups to produce the derivatives. The derivatization method described in this paper is based on conventional qualitative organic analysis or well-characterized derivatization reactions developed for the enhancement of other analytical methods. [28] [29] [30] These MS probes provide fast, simple derivatization reactions, and are easily synthesized. They should be applicable to trace or minor component analysis with ESI-MS detection in standard and real-world mixtures of commercial, environmental, and biomedical interest. Further, these MS probes will be widely utilized by many MS users in order to handle the ESI-MS system easily and to carry out chemical analysis with very high sensitivity. 
